This study describes the emulsion stabilizing properties of the licorice root (Glycyrrhiza glabra L.) derived saponin glycyrrhizin and its corresponding aglycone 18β-glycyrrhetinic acid to further increase the understanding between structure and functional behavior. For this, we prepared 10% oil-in-water emulsions and investigated the emulsion stabilizing properties regarding environmental stresses including extreme pH, ionic strength, and temperature. Glycyrrhizin and its aglycone formed nanosized emulsion droplets at neutral pH that were stable across a broad range of pH-values (pH 5-9), ionic strength (0-200 mM NaCl), and temperature (up to 60°C). In contrast, emulsions were unstable at low pH (pH <5), as well as high ionic strength (>200 mM NaCl, >5 mM CaCl 2 ) and temperature as well as after a freeze-thaw cycle. Thereby, the observed instability was mainly attributed to the reduction of electrostatic forces caused by the protonation of free carboxylic acid groups at low pH, screening of electrostatic forces at high ionic strengths, and thin interfaces causing coalescence during a freeze-thaw cycle. Overall, both molecules yielded remarkably stable emulsions at very low molecule-to-oil ratios, and therefore our results are relevant for 'all-natural' emulsion-based foods and beverages, as well as pharmaceutical and cosmetic products.
Introduction
One of the major trends within the food and beverage industry is the replacement of synthetically-derived food additives such as surfactants by 'natural' alternatives. Surfactants are surfaceactive molecules that adsorb to interfaces of immiscible phases, e.g. water and oil, and stabilize these by reducing interfacial tension and thereby facilitating droplet breakup leading to increased kinetic stability of those thermodynamically unstable systems. So far, typically applied natural emulsifiers include plant-derived proteins and phospholipids [1, 2] . Recently, the group of amphiphilic saponins has attracted the interest of academia and industry because of their remarkable surface activity and emulsifying properties [3] [4] [5] [6] [7] [8] .
Saponins are glycosides composed of one or several hydrophilic sugar chains attached via glycosidic bonds to a hydrophobic backbone, which is of triterpene, steroid alkaloid or steroid nature. These amphiphilic secondary plant metabolites exhibit various functions within plants such as anti-feeding, antifungal, and antibacterial activities and are thought to also exhibit other biological and pharmaceutical properties such as hemolytic, molluscicidal, and anti-inflammatory activities [9] . The licorice (Glycyrrhiza glabra L.) derived saponin is composed of the hydrophobic aglycone 18β-glycyrrhetinic acid (Fig. 1a) attached to a di-glucuronic acid sugar chain via an ether bond, and is referred to as glycyrrhizin (glycyrrhizic acid, Fig. 1b ). This amphiphilic saponin is also the characteristic ingredient of licorice and is used as food additive E958 mainly because of the 30-50 times higher sweetness compared to sucrose [5] .
In our previous study [11] , we showed that glycyrrhizin and its corresponding aglycone 18β-glycyrrhetinic acid were not very surface-active. Nevertheless, we observed a slightly higher surface affinity for the glycyrrhizin at an air-water interface compared to its aglycone, which was attributed to a higher overall polarity of the glycyrrhizin molecule over the aglycone. At an oil-water interface, on the other hand, glycyrrhizin was shown to moderately reduce the interfacial tension, whereas 18β-glycyrrhetinic acid showed no surface activity at all [11] . The low surface activity has been ascribed to the rather rigid structure of the glycyrrhizin molecule [12] . Moreover, the domination of hydrophobic surfaces over the polar surfaces in both glycyrrhizin and 18β-glycyrrhetinic acid molecules indicate that the hydrophobic interactions contribute to the forces stabilizing such interfaces [11] .
Despite the amphiphilic character of glycyrrhizin, almost no reports about the emulsion stabilizing properties have been published so far except for our recent study [11] . There we showed that both glycyrrhizin and its aglycone were able to form nanosized emulsions regardless of their low interfacial activity as described above. The generally established requirements for emulsifying properties of surfactants and emulsifiers include two key roles: (i) emulsion formation, which again requires rapid adsorption and high interfacial tension reduction leading to facilitation of droplet breakup during homogenization, but also (ii) emulsion stabilization, which again requires the generation of both a strong repulsive force as well as a resistant layer to prevent droplet aggregation [13] . However, an efficient emulsion formation does not always correlate with the interfacial activity [11] .
Keeping thermodynamically unstable emulsions kinetically stable throughout the expected shelf life of the product is essential as they can become unstable through numerous instability mechanisms including coalescence, flocculation, as well as gravitational separation, and Ostwald ripening. These processes highly depend on extrinsic factors, especially pH, ionic strength, and temperature, which may differ for each emulsion-based application [1, 13, 14] . Therefore, in this study, we systematically investigated for the first time the impact of solvent conditions (pH, ionic strength) and processing conditions (heating, freeze-thawing) on 10% oilin-water emulsions (pH 7) stabilized by the saponin glycyrrhizin and its aglycone 18β-glycyrrhetinic acid. These factors are highly relevant in understanding the molecular stabilization processes and further applications in the food or related industries.
Materials and Methods

Materials
Glycyrrhizin ammoniacal (C 42 H 65 NO 16 
Purification and quantification of the used glycyrrhizin and 18ß-glycyrrhizinic acid
Glycyrrhizin is typically bound to ammonia (glycyrrhizin ammoniacal) to increase solubility. To ensure no effect from ammonia, we purified the substance by solubilizing 50 g of glycyrrhizin ammoniacal in 3 L of purified water and used formic acid (2.2·10 −3 mol L −1 , corresponds to 1%) to reduce the pH to 3. The solution was freeze-dried and the process was [10] repeated to make sure that no ammonia was present. A quantitative nuclear magnetic resonance spectroscopy (qNMR) as reported by Frank, Kreissl, Daschner, and Hoffman [15] was applied to determine the purities of glycyrrhizin and 18ßglycyrrhizinic acid. The molecular weight of the glycyrrhizin after purification was 822.94 g mol −1 .
Molecular characteristic prediction
To predict pK a -values of the used glycyrrhizin and its corresponding aglycone, the software Marvin (Marvin 18.29, 2018, ChemAxon, https://chemaxon.com) and the corresponding protonation bundle was used to draw, display, and characterize the chemical structures.
Solution Preparation for Interfacial Property Characterization
Aqueous glycyrrhizin and 18ß-glycyrrhetinic acid solutions (5.0·10 −3 mol L −1 ) were prepared by dispersing appropriate amounts in 10 mM sodium phosphate buffer at pH 7. All solutions were stirred overnight and the pH was re-adjusted to pH 7 using 0.1 and 1 M NaOH and/or HCl, if necessary.
Emulsion Preparation
Coarse emulsions were prepared by blending 90% (w/w) aqueous glycyrrhizin or its corresponding aglycone 18βglycyrrhetinic acid with 10% (w/w) medium chain triglyceride oil using a high-shear blender (Silent Crusher M, Heidolph Instruments GmbH & Co. KG, Schwabach, Germany) at 15,000 rpm for 2 min. Fine emulsions were prepared by passing the coarse emulsion through a high-pressure homogenizer (EmulsiFlex-C3, Avestin, Ottawa, Canada) at 10,000 psi for four times.
Emulsion Stability
Oil-in-water emulsions (10% Miglyol oil, 5.0·10 −3 mol L −1 , pH 7) were transferred into 10 mL glass test tubes, exposed to various stress parameters, and stored at 5°C for 24 h prior to analysis, unless stated otherwise. If necessary, pH was readjusted using 0.1 or 1 M HCl and/or NaOH, unless stated otherwise.
Influence of pH Emulsion samples were adjusted to the appropriate pH (pH 2 to 9) using 0.1, 1, or 2 M HCl, NaOH, and pHadjusted buffer to obtain a final oil droplet concentration of 5% (w/w).
Influence of Ionic Strength Emulsion samples were adjusted to the specified ionic strength (0 to 0.5 M NaCl, 0 to 0.1 M CaCl 2 ) using ionic strength and pH-adjusted buffer to obtain a final oil droplet concentration of 5% (w/w).
Influence of Temperature Emulsion samples were incubated at 50, 75 or 90°C for 30 min. To prevent microbial growth, 0.03% (w/w) sodium azide was added.
Influence of Freeze-Thaw-Cycle Emulsion samples were frozen for 12 to 14 h at −28°C and thawed for 3 h at 25°C.
Particle characterization
Particle sizing was performed using a static light scattering device (Horiba LA-950, Retsch Technology GmbH, Haan, Germany). For this, emulsions were diluted in pH and ionic strength adjusted buffer to prevent multiple-scattering effects. The refractive indices were set to 1.33 and 1.47 for the continuous and the dispersed phase, respectively. Mean particle sizes are displayed as surface-based (d 32 , Eq. 1) and volumebased diameters (d 43 , Eq. 2),
where n i is the number of droplets of diameter d i . The d 32 focuses on smaller droplets, whereas the d 43 takes larger droplets also into account. For ζ-potential determination, emulsions were diluted 1:50 using pH and ionic strength adjusted buffer to prevent multiple-scattering effects and then measured in a particle electrophoreses instrument (Zetasizer Nano ZS, Malvern Instruments, Malvern, UK).
Optical Microscopy
All emulsions were visually observed using an optical light microscope (AxioScope A1, Carl Zeiss Microimaging GmbH, Goettingen, Germany) equipped with a digital camera and 20x and 40x objectives, and scale bars were added afterwards using the software ImageJ [16] .
Statistical Analysis
All performed measurements were at least duplicated on at least two independently prepared samples. All reported values represent means and standard deviations.
Results and Discussion
Keeping thermodynamically unstable systems kinetically stable over the shelf life is crucial as unstable products are often rejected by consumers. Emulsion stability is influenced by various internal parameters including surfactant characteristics and content, but also in particular by external parameters such as pH, ionic strength, and temperature. Consequently, we determined the influence of external parameters on the stability of 10% (w/w) oil-in-water emulsions stabilized by glycyrrhizin and its aglycone at a concentration of 5.0·10 −3 mol L −1 (pH 7) prepared by highpressure homogenization at 10,000 psi. The surfactant concentration used was selected based on our previous results [11] investigating the interfacial and emulsion forming properties, which showed that higher concentrations than the used one did not lead to a further reduction of mean particle size but stayed at a plateau. The emulsion stabilization was attributed to the hydrophobic interactions between the surfactant molecules originating from the high van der Waals surfaces but also to the high net negative charges contributing to the electrostatic repulsion between the emulsion droplets [11] . We also concluded from the theoretical surface loads (Γ glycyrrhizin~1 .2 mg m −2 ; Γ glycyrrhetinic acid~0 .8 mg m −2 ) that both molecules may occupy an interfacial configuration known as lay-on configuration in which the hydrophobic backbone lays flat in the oil phase and the hydrophilic glycone (in glycyrrhizin only) protrudes into the water phase. This was unexpected as monodesmosidic saponins typically cover an interfacial area of~0.4-0.5 mg m −2 which corresponds to a configuration known as end-on configuration [17] . The low surface load was attributed to the strongly negatively charged carboxylic acid groups within both molecules that led to a high repulsive charge and consequently to the prevention of further adsorption of additional molecules at the interface [11] .
Influence of pH
Emulsions stabilized by glycyrrhizin and 18β-glycyrrhetinic acid were stable across a broad pH-range ( Fig. 2 ): For the glycyrrhizin stabilized emulsion, the surface-and volumebased mean particle sizes stayed fairly constant between pH 4 to 9 (d 32 = 0.192 ± 0.016 μm; d 43 = 0.277 ± 0.059 μm, Fig. 2a ) and increased to >1 μm when lowering the pH to 3 and 2. Furthermore, the particle size distributions plotted as surface-and volume-based distribution were monomodal at all tested pH-values, although the narrow peaks shifted from 0.2 μm between pH 4 to 9 to broader peaks with larger particle size values at lower pH-values (data not shown). It should be noted that the used Mie theory assumes spherical particles for particle size measurements with a well-defined refractive index but any associated or flocculated particles may have become dissociated during the particle sizing leading to incorrect results as observed in the microscopic images. Nevertheless, all particle sizes measurements corresponded well with microscopic observations showing highly aggregated emulsions at pH ≤3 (Figs. 2, 3) . In contrast, the aglycone (18β-glycyrrhetinic acid) stabilized emulsions were stable between pH 6 to 9 (d 32 = 0.268 ± 0.076 μm; d 43 = 0.442 ± 0.129 μm, Fig. 2 ) with monomodal particle size distributions (data not shown). At pH 2 to 5, these emulsions exhibited large, micron-sized mean diameters with broad particle size distributions (data not shown). Furthermore, the strong flocculation observed (Fig. 2b ) interfered in attaining reproducible particle size data at pH 2 and 3, leading to irreproducible data.
The stability of the emulsions at higher pH-values can be explained by the ζ-potential measurements: Glycyrrhizin stabilized emulsions had a high negative charge of around -60 mV between pH 4-9 ( Fig. 2a ), and this high electrostatic repulsion between the individual oil droplets contributed to the stability of the emulsions. Upon lowering the pH to 3, the charge of the emulsion droplets increased to around −52 mV, Fig. 2 Influence of storage pH on (a) mean particle size (d 43 ) and ζpotential, as well as (b) visual appearance of 10% (w/w) oil-inwater emulsions stabilized by 5.0·10 −3 mol L −1 glycyrrhizin and its corresponding aglycone 18βglycyrrhetinic acid produced under standardized high-pressure homogenization conditions (pH 7, 10,000 psi, 4 cycles) after 24 h storage. Irreproducible data not shown for pH 2 and 3 for glycyrrhetinic acid stabilized emulsions due to phase separation which should have provided sufficient electrostatic repulsion to prevent flocculation. However, as this was not the case, other molecular interactions may have taken place. As macroscopic images revealed that creaming occurred at pH 2 and 3 (Fig. 2b) , and microscopic images showed aggregated emulsion samples (Fig. 3) , it is likely that the attractive van der Waals forces were able to act between the partially uncovered oil droplets and/or due to the close proximity of the droplets in the flocculated stage. Consequently, the aggregation interfered with the electrophoretic light scattering measurements, thus leading to changes in the obtained ζ-potential values. Therefore, ζ-potential values in aggregated emulsion samples should be treated with caution. At pH 2, the ζpotential increased further to −18.1 ± 15.4 mV (Fig. 2a) , and the magnitude of the electrostatic repulsion weakened dramatically, thus leading to flocculation (Figs. 2b, and 3) . Similarly, the ζ-potential of 18β-glycyrrhetinic acid stabilized emulsions stayed fairly constant between pH 7 to 9 with a high negative charge between −60 and − 70 mV but continued to increase towards electro-neutrality upon lowering the pH (Fig. 2a) .
The origin of the negative charge may be attributed to the presence of a free carboxylic acid group within the hydrophobic aglycone attached at position C-30, and two additional ones within the glucuronic acid moieties for the saponin (Fig. 1) . A typical pK a value for this functional group is around pH 3.8 as reported for Quillaja saponin extract [18] , which also corresponds with the predicted and literature reported values of pK a Fig. 3 Influence of storage pH (pH 2 to 9), ionic strength (0 to 500 mM NaCl, 0 to 100 mM CaCl 2 ), as well as temperature (5 to 90°C) on the microstructure of 10% (w/w) oil-in-water emulsions stabilized by 5.0·10 −3 mol L −1 glycyrrhizin and its corresponding aglycone 18 β-glycyrrhetinic acid produced under standardized high-pressure homogenization conditions (pH 7, 10,000 psi, 4 cycles) after 24 h storage for glycyrrhizin (4.4) and its corresponding aglycone 18βglycyrrhetinic acid (3.0) [19] : At high pH (pH> > pK a ), most of the carboxylic acid groups are dissociated and therefore highly negatively charged (-COO − ), providing the high negative charge at neutral pH. However, at lower pH values (pH < <pK a ), most of these functional groups become protonated (-COOH) and therefore the charge of the molecules decreases and the charge of the molecules becomes almost electro-neutral as observed at very acidic conditions at pH 2 (Fig. 2) .
Overall, our results indicated that the saponin glycyrrhizin showed a better stabilization against pH changes compared to the aglycone. The performance of glycyrrhizin and its aglycone is comparable to emulsions stabilized with crude saponin extracts derived from sugar beet, red beet and oat bran as well as to purified saponin extracts derived from Quillaja, Korean ginseng and Yucca, for which the observed instability at very acidic conditions was mainly attributed to the previously mentioned reduced repulsive forces [7, 8, [20] [21] [22] [23] [24] .
Influence of Ionic Strength
In this series of tests, the emulsions were subjected to changes in the solvent ionic strength (NaCl 0 to 500 mM, CaCl 2 0 to 100 mM).
NaCl. Emulsions stabilized by glycyrrhizin showed a slight increase in mean particle size at ≤200 mM NaCl (d 32 = 0.191 ± 0.017 μm; d 43 = 4.674 ± 7.323 μm), however, no flocculation was observed macroscopically (Fig. 3b ) or microscopically (data not shown). At ≥300 mM NaCl, the emulsions began to flocculate as visible in macroscopic ( Fig. 4b ) and microscopy imaging (Fig. 3) . A further increase of ionic strength to 500 mM NaCl led to phase separation of the emulsions (Fig. 4b) . In contrast, emulsions stabilized by 18β-glycyrrhetinic acid were more prone to changes in ionic strength: Already low ionic strengths (≥ 200 mM) induced coalescence, and at ≥300 mM NaCl the emulsions were completely phase separated (Fig. 4b ). The strong increase in mean particle size can be explained by their ζ-potential: Glycyrrhizin stabilized emulsions had a strong negative charge of −45 mV at ≤200 mM NaCl, whereas this charge dramatically increased to −28 mV at 500 mM NaCl (Fig.  4a) . Similarly, the ζ-potential for 18β-glycyrrhetinic acid stabilized emulsions increased from around −60 mV to −24 mV at 200 mM NaCl, whereas a further increase of ionic strength led to complete phase separation of which no ζ-potential could be measured (Fig. 4a) . The observed increase of ζpotential towards electro-neutrality with increasing ionic strength corresponds well with the increase in mean particle size (Fig. 4a) , also observable in microscopic images (Fig. 3) , which may be attributed to insufficient long-range electrostatic repulsion forces to prevent the droplets coming in close proximity as the Na + -and Cl − -ions screened these repulsive forces (as shown in Fig. 4a ). This enabled the short-range attraction forces such as created by van der Waals interactions [14] to cause droplet association leading to the observed droplet flocculation or coalescence. CaCl 2 . Next, we investigated the emulsion stability in the presence of multivalent ions using CaCl 2 (Fig. 4) . As monovalent ions (e.g., Na + , K + ) only screen electrostatic charges, multivalent ions (e.g., Ca 2+ , Al 3+ ) may additionally bind to the surface of droplets causing charge reversal, i.e. initially negatively charged droplets may become positively charged by binding of bivalent ions. At 5 mM CaCl 2 , the particle sizes of emulsions stabilized by glycyrrhizin (d 32 = 0.184 ± Fig. 4 Influence of ionic strength (NaCl, CaCl 2 ) on (a) ζ-potential, as well as (b) visual appearance of 10% (w/w) oil-in-water emulsions stabilized by 5.0·10 −3 mol L −1 glycyrrhizin and its corresponding aglycone 18β-glycyrrhetinic acid produced under standardized high-pressure homogenization conditions (pH 7, 10,000 psi, 4 cycles) after 24 h storage. Irreproducible data not shown for very high ionic strength due to emulsion phase separation 0.001 μm) and glycyrrhetinic acid (d 32 = 0.235 ± 0.022 μm) remained stable, although the d 43values increased slightly (d 43,saponin = 0.356 ± 0.011 μm; d 43,aglycone = 0.418 ± 0.089 μm) (data not shown). A further increase of ionic strength led to large flocs which led to irreproducible particle size measurements as any associated droplets may have become dissociated. Similarly, the ζ-potential for glycyrrhizin stabilized emulsions increased from −54 mV to −5 mV at 50 mM CaCl 2 , and reached even positive values of 5 mV at 100 mM CaCl 2 (Fig. 4a) . Likewise, the ζ-potential for 18βglycyrrhetinic acid stabilized emulsions increased from −57 mV to −9 mVat 10 mM CaCl 2 (Fig. 4a) , whereas a further increase of ionic strength led to phase separation (Fig. 4b) .
The increase of both the mean particle size and ζ-potential ( Fig. 4a) correspond well with the macro-and microscopic images showing fine dispersed emulsion droplets at rather low ionic strength, whereas a further increase of ionic strength showed flocculated emulsions, or even complete phase separation ( Fig. 4b, 3 ). The relatively low stability of glycyrrhizin stabilized emulsions towards mono-and divalent ions may be caused by the high amount of negative charge carriers (carboxylic acid groups) being present in the saponin molecule especially because of the two glucuronic acid molecules, attracting positive ions and thereby bringing the electrical charge towards electro-neutrality much faster. Similar instability at such high ionic strength was also observed for emulsions stabilized by a variety of saponin extracts including Quillaja, Korean ginseng, Yucca, and oat bran [7, [20] [21] [22] [23] . The authors attributed the observed instability to the screening of repulsive charges by mobile charge carriers (NaCl, CaCl 2 ). The long-range attractive interactions including van der Waals become stronger and start to dominate the long-range repulsive interactions including the determined electrostatic interactions causing droplet association [7] . Overall, emulsions stabilized by glycyrrhizin and its corresponding aglycone were stable at very low ionic strengths, whereas higher concentrations led to the screening of electrical charges, causing flocculation or even phase separation.
Influence of Thermal Processing
Emulsions stabilized using glycyrrhizin or 18β-glycyrrhetinic acid were fairly stable when stored at 5°C for 24 h, but increased slightly in size when heated for 30 min to 50, 75, and 90°C (Table 1) . While the surface-based mean particle size of the saponin stabilized emulsions stayed fairly constant (d 32 = 0.184 ± 0.005 μm), the volume-based sizes (d 43 ) increased from 0.253 ± 0.025 μm at 5°C to >1 μm at temperatures of ≤50°C. This data corresponds well with microscopic images showing larger emulsion droplets (Fig. 3) . Furthermore, oiling-off was observed, indicating emulsions were highly susceptible towards coalescence at increased temperature. Similarly, the aglycone stabilized emulsions showed an increase in mean particle size when heated ≤50°C: The d 43 -values increased from 0.184 ± 0.005 μm at 5°C to 0.341 ± 0.052 μm at 90°C. These results indicate that glycyrrhizin and glycyrrhetinic acid stabilized emulsions were prone to coalescence when heated, which may be attributed to thermal degradation of saponins as reported by Jood, Chauhan and Kapoor [25] , who reported a decrease of saponin content by over 60% after autoclaving. Thereby, thermal treatment may lead to the cleavage of the glycosidic linkage (ether bond) between the hemiacetal hydroxyl of glucuronic acid and the triterpene backbone liberating the di-saccharide from its hydrophobic sapogenin which is then unable to fully stabilize emulsions at elevated temperatures as observed for the aglycone stabilized emulsions. Similar instability phenomenon was also reported for crude saponin extract stabilized emulsions derived from sugar beet, red beet, oat bran and Korean ginseng as well as purified saponin extracts from Quillaja and Yucca [8, [20] [21] [22] [23] [24] , and was mainly attributed to cleavage of the glycosidic linkage of the saponins in combination with partial denaturation of remaining byproducts in the extracts such as proteins.
Influence of Long-Term Storage
The long-term stability of emulsions is crucial for commercial applications regarding their shelf life. Therefore, we determined the stability of 10% (w/w) oil-in-water emulsions (pH 7) stabilized by glycyrrhizin and its corresponding aglycone at different temperatures (5, 25, and 55°C) . We observed no increase in mean particle size when emulsions were stored at 5°C (d 43 = 0.281 ± 0.012 μm) ( Table 2 ). However, all emulsions stored at elevated temperatures of 25 and 55°C became unstable, showing phase separation after 14 or 7 days, respectively. In contrast, emulsions stabilized by the aglycone 18βglycyrrhetinic acid remained stable over 35 d when stored at 5°C (d 43 = 0.306 ± 0.006 μm) and over 28 d when stored at 25°C (d 43 = 0.315 ± 0.054 μm). These emulsions, however, became also unstable and showed complete phase separation when stored at 55°C over the course of 7 days. The increased stability towards destabilization such as the observed phase separation of the aglycone glycyrrhetinic acid stabilized emulsions compared to those stabilized by glycyrrhizin remains still unclear, however, we propose that the emulsifying properties are mainly due to the aglycone rather than the sugar chain attached to it, as reported in our previous study [11] .
Influence of Freeze-Thaw Cycle
The stability after thermal processing such as freezing and thawing is crucial for most commercially-available dispersed food systems regarding their shelf life. Emulsions stabilized by glycyrrhizin or its corresponding aglycone 18β-glycyrrhetinic acid were unstable after one freeze-thaw cycle and showed phase separation (data not shown). Such behavior was also observed for other emulsions stabilized by saponins derived from sugar beet, red beet, and oat bran as well as Korean ginseng, Quillaja, and Yucca [8, [20] [21] [22] [23] [24] . The underlying mechanism for this behavior is most likely coalescence caused by freeze-concentration of the system as the water starts to crystallize bringing the dispersed liquid oil droplets into unfavorably close proximity [26] . Thus, the thickness of the formed interfaces dominates the stability towards such processing. Thin interfaces accompanied with low surface loads (typically observed for e.g. lecithin) are known to become unstable during freeze-thawing. In our case, the low surface load of~1.2 mg m −2 , which was triggered by the high negative charge at neutral pH (induced by the highly charged carboxylic acid groups within both molecules) created a thin interface which was most likely insufficient to prevent the observed destabilization. Furthermore, the poor performance may also be attributed to the inability of glycyrrhizin [11, 27, 28] and its corresponding aglycone [11] to form viscoelastic interfaces which may be beneficial during such harsh treatments. Such inelasticity is unusual for monodesmosidic saponins and may be the result of the relatively short di-glucuronic acid chain which is unable to form intermolecular hydrogen bonds between neighboring sugar molecules or may even be fully absent in the case of the aglycone [11] . On the other hand, Quillaja saponins can form highly viscoelastic interfaces [17, 29] but also cannot stabilize emulsions against freeze-thawing [21] . Therefore, the role of the elasticity at the interface on the freeze-thaw stability is unclear and further studies should be carried out in the future.
Conclusion
We have carried out a systematic study of the emulsion stabilizing properties of the naturally-derived, food-grade saponin glycyrrhizin and its corresponding aglycone 18β-glycyrrhetinic acid. Both molecules formed highly charged nano-sized oil-inwater emulsion droplets that were stable to various external stresses. In detail, glycyrrhizin and 18β-glycyrrhetinic acid stabilized emulsions were stable over a broad pH-range, ionic strength, as well as storage times, and temperatures, however, glycyrrhizin showed a slightly better stability against changes in pH and NaCl additions over the aglycone. The overall emulsion stabilization can be mainly attributed to the van der Waals forces between the rather hydrophobic surfactant molecules and strong electrostatic repulsion caused by free carboxylic acid groups in both molecules leading to highly negative ζ-potentials. In contrast, protonation of these carboxylic acid groups at lower pH leading to the reduction of electrostatic repulsion operating between the droplets led to unstable emulsions at low pH (pH < 5), whereas the observed instability at higher ionic strengths was attributed to the screening of electrostatic repulsion by mono-and bivalent ions. Overall, our results show that the naturally-derived saponin glycyrrhizin and its corresponding aglycone 18βglycyrrhetinic acid are effective molecules to form and stabilize oil-in-water emulsions that may be suitable for various applications. Although a clear relationship between molecular structure Table 1 Mean particle size (d 32 and d 43, in μm) of oil-in-water emulsions (10% w/w Miglyol oil, pH 7) stabilized by 5.0 × 10 −3 mol L −1 glycyrrhizin or its corresponding aglycone18β-glycyrrhetinic acid produced under standardized high-pressure homogenization conditions (10,000 psi, 4 cycles) after heat treatment (30 min) at 50, 75, and 90°C and techno-functional properties still remains to be established by further molecular experiments, our results indicate especially glycyrrhizin as an effective naturally-derived surfactant for a variety of emulsion-based products in the food, cosmetic, and pharmaceutical industry. Its successful application will also depend on a range of factors including the taste profile, reliability of supply, and cost.
